Four successive Late Pan-African dike suites are recognized in the central Elat area: (I) microdiorite and lamprophyre; (2) dacite porphyry with subordinate andesite and fcldspathic (Fsp) rhyolite porphyry; (3) quartz porphyry and Fsp-rhyolite porphyry with minor trachydolerite and trachyandesite; (4) trachydolerite, mostly high-Ti. Dike swarms formed over the period of -600 Ma to 530 Ma. The dike episodes alternated with plutonic. volcanic. and sedimentary events. Microdiorite and lamprophyre from suite I correspond to calc-alkaline, medium-to high-K trachyandesite. Dacite porphyry is prevalent in suite 2 and forms together with augite-bearing andesite and rhyolite a high-K calc-alkaline series. In suite 3 silicic rocks are dominant; they are alkaline (NK/A >D.9) and have chemical characteristics of A-type granites. Among the trachydolerites from suites 3 and 4, high-Ti varieties are abundant (2.8-2.9 wt% and 3.3-4.5 wt% TiO:!, respectively). Trachydolerites are enriched in REE, Zr, Y, Ti, and P.
INTRODUCTION
Southern Israel, the Sinai Peninsula, and the adjacent basement outcrops of southwestern Jordan, comprise the northernmost part of the Arabian-Nubian Shield (ANS). The evolution of the ANS was accomplished in four main stages (Gass, 1982; Roobol et aI., 1983;  oceanic and island arc terrains were amalgamated and accreted to form the ANS. The post-collision batlwlithic stage III (-650-600 Ma) marks stabilization of the shield and is characterized by widespread calcalkaline magmatism, mainly of intermediate to acid composition. At the boundary between stages III and IV a fundamental transition in tectonic and magmatic style, from compressional to extensional, took place (Stem and Hedge, 1985; Garfunkel, 1999) . The!ollrth stage (-600-530 Ma) involves formation of mainly alkaline to peralkaline granites and rhyolites, representing post-orogenic and within-plate magmatism. During the fourth (Late Pan-African) stage, widespread dike injection occurred throughout the whole territory of the ANS (Bentor and Eyal, 1987; Eyal and Eyal, 1987; Stem et aI., 1988; Baeret aI., 1993; Eyal et aI., 1995; EI-Metwally, 1997; Stein et al., 1997; Gutkin and Eyal, 1998; Iacumin et aI., 1998; Kessel et aI., 1998; Voznesensky, 1998; Essawy and EI-Metwally, 1999; Genna et aI., 2002) . Dikes are concentrated in 20-40-km-wide swarms that can be followed intermittently for several tens of kilometers. The density of dikes is unusually high: on average, dikes cover 10% of the exposed area, although within some areas dikes may form >50% of alI rocks (e.g., Eyal and Eyal, 1987; Gutkin and Eyal, 1998) . Dike composition varies widely, from basalt to andesite to calc-alkaline and alkaline rhyolites.
It has long been established that the formation of Late Pan-African dike swarms in the Sinai Peninsula and adjacent territories occurred in several episodes. However, the number and sequence of episodes remain debatable. In the early compilation of Eyal and Eyal (1987) , two episodes of late (unmetamorphosed) dike formation were recognized, but studies performed in the Sinai Peninsula during the last decade have demonstrated that the sequence of dike injections was more complex. The relative geochronological sequence of dikes is variable in different areas, but in most cases it is given, from older to younger, as acid, intermediate-basic, lamprophyre, bimodal basalt-rhyolite, and alkaline basalt (Stem and Gottfried, 1986; Stem and Manton, 1987; Friz-Topfer, 1991; Iacumin et al., 1998; Abu-EI-Ela and Salem, 1999; Essawy and EI-Metwally, 1999) .
In southern Israel almost all the main types of dikes that are characteristic of the northern part of the ANS are recognized (Sentor and Eyal, 1987; Eyal and Eyal, 1987) . Several dike swarms extend from the Sinai Peninsula to southern Israel (Voznesensky, 1998) . A number of dike episodes are distinguished in the Elat and Timna areas. However, data on the sequence of episodes are ambiguous. Garfunkel (1999) considers that, although some dikes predate young alkaline granite plutons, the most voluminous dike episode that can be divided into several stages took place after the formation of the alkaline Yehoshafat granite, but before the deposition of a volcano-conglomeratic series (Elat conglomerate, alkaline rhyolite, andesite). On the other hand, it was demonstrated that a large swarm of quartz porphyry dikes intersects the Elat conglomerate (Gutkin and Eyal, 1998) and the rhyolite volcanic suite (Mushkin et aI., 1999 (Mushkin et aI., , 2003 . Stein, Navon, and Kessel (Kessel, 1995; Stein et aI., 1997; Kessel et aI., 1998) recognized three Late Pan-African dike suites:
(1) calc-alkaline andesitic to rhyolitic; (2) basaltic to rhyolitic, mostly tholeiitic (TH1); and (3) tholeiitic (TH2), later called alkali-basalt suite.
In this paper, new data on the geology, petrography and chemical composition of the Late Pan-African dikes from the central Elat area, along with some considerations about probable magma sources, are presented.
GEOLOGICAL SETTING

General description
The study was performed in the central Elat area, the largest exposed outcrop of the Precambrian basement in southern Israel. Metamorphic and magmatic rocks in this block represent most stages of the evolution of the ANS (Fig. 1) . Orthogneisses, metapelitic, and psammitic schists (Elat schist, Taba gneiss, Roded schist and gneiss, Elat granitic gneiss) were formed at the beginning of the island arc stage, within the time span of 800-740 Ma (Eyal et aI., 1991) . The Shahmon metagabbro dated to 640-650 Ma (Eyal et al., 1991) could be timed to the late island arc stage. Emplacement of the Roded quartz diorite and Shahmon gneissic granite occurred in the batholithic stage at 630-640 Ma (Katz et aI., 1998; Eyal et aI., 2004) . At the late post-collision stage, the calc-alkaline peraluminous Elat granite (623 ± 24 Ma) formed a number of plutons (Eyal et aI., 2004) . Intracratonic magmatism is represented by the Yehoshafat alkaline granite (605 ± 4 Ma; Beeri, pers. comm.). The formation of shallow alkaline granite plutons was followed by fast uplift, extensive erosion, and differentiation of the area into basins and highs (Garfunkel, 1999) . These processes were accompanied by molasse-like sedimentation represented by the Elat conglomerate and by volcanic activity.
Late Pan-African (unmetamorphosed) dikes of various sizes and compositions are abundant, although unevenly distributed, throughout the study area. The highest concentrations of dikes are observed in the western part of the area and within the Nahal Shelomo pluton composed of the Elat granite (Figs. 2,3 ). In places, about 100 subparallel dikes can be counted within a 500-600-m-wide zone. In these zones, the proportion of country rock constitutes only 5-10% of the total rock volume and dikes commonly border one another (Fig. 2 , inset A; Fig. 4 ). In the vicinity of Mt. Shelomo, within an area of about 2 km by 1 km, the proportion of dikes exceeds 50% and in places attains 80-90% (Gutkin and Eyal, 1998) . Most of the dikes are vertical or steeply dipping; they are several hundred meters to 2 km long, and their width ranges from several tens of centimeters to about 30 m. In some large dikes, en echelon segments, commonly 0.5-1 km long, can be distinguished.
Sequence of dike episodes
The sequence of dike episodes has been recognized on the basis of study of more than 150 dikes, their crosscutting relations, and their field relations to country rocks of different ages. small pro po rti o ns of trachydo lerit e and trac hya ndesile; slI i te 4, lrac hydo le rire , mos tl y hi g h-Ti . The age of suit e I is co nstra in ed by fie ld re lati o ns in the lowe r rcac hes o f the Nahal Ye hos hafat va ll ey ( Fig. 4A : see Fig. 2 . loca lity 35). Here. microd iorite di kes c ut the Elat granite . but bot h g ranit e and the dikes are intruded by the al kalin e Ye hos hafat gra nite th at. in turn. is intersec ted by Fs p-rh yo litc po rph yry d ikes fro m suite 3 and daci te po rph yry fro m suite 2 (no t show n in Fi g. 4). Di kes of suite 2 are ab undant in the Yehosha fat granite pluton (Fig. 2 ), but they do no t cut the yo un ger E lal co ng lo me rate. In stead , in the northern part o f the study area (Fi g. 2, locality 244) two dikes of dacite po rph yry that are c haracteristi c o nl y of suite 2 are ove rl ain by the cong lo merate. Numero us ang ul ar blocks of dac ite po rph yry occur w ithin the conglo merate immediate ly nea r these dikes. Rh yo lite porph yry and andesite porphyry co bbl es and boulders up to 50 cm in d ia me ler are also prese nt in the conglo me rate. The post-co ng lo me rate age of s uite 3 is clea rl y demonst.rated by the abundance o r qu artz po rphy ry and. in pl aces, mafic d ikes that int ersec t the Elat (Gutkin and Ey al , 1998; Fig. 2) . Several quart z porph yry dikes and composite dikes that are typical of suite 3 c rossc ut alkaline rh yolite volcanics 10 km to the north , in the Amram bl ock (Mushkin et aI. , 1999 (Mushkin et aI. , ,2003 . Trac hydolerites o f suit e 4 intrude the Elat conglomerate, a subvo lcani c andesite body, and d ikes of suite 3 (Fig. 2 , loca li ti es 128 and 187). The seque nce of dikes and the ir temporal re lations with sedimentary and magmati c rocks is presented in Table I . It is noteworthy that dike episodes 1,2, and 3 were di vided in time by plutoni c, volcanic, and sedimentati on events.
Geology of dike suites
Slfite J co mprises two rock types, mi crodi orite and lamprophyre. The mic rodiorite dikes are small er and homogeneo us, wh ere as the lamprophyre dikes are infrequentl y more the n 2 km long and the ir thi ckness vari es from 6 to 12 m. A notable feature of the lamprophyre dikes is that in places they are inhomoge neo us, with subordinate (:s 5 vol %) fin er-grained fe lsic roc ks that occur as rounded and irregular patches, schli eren, and ve ins rangin g in compositi on from quart z mkrodiorite to mi crogranit e. The lamproph yre dikes are younger than the microdiorites (Fig. 3, loculity  78 ) . The two types are grouped into suite I since the lamprophyrc and mic rodiorite dikes arc c losely spaced and we re found onl y within th e Elm granite and metamorphi c roc ks.
Suite 2 is composed o f a spectrum of roc k types, fro m andesit e porphyry th ro ugh dacite porph yry to Fsp-rh yolite porph yry with significant prevalence of dac iti c roc ks. Each rock type forms individual dikes, with crossc utting relati ons to one an other. In terre lations betwee n mafi c and sili c ic rocks were studi ed in th e Nah al Yehos hafat vall ey (Fig. 2) . Although dikes are sub -parall el. oblique inte rsecti ons and thin apophyses e nabl e one to di stingui sh th e ord er o f injections, from earlier andes ite porphyry to dacite porphyry to Fsp-rhyo lit c porph yry.
In Jlfile 3, silic ic rocks (quart z porph yry and subordinate Fsp-rh yolite porphyry ) absolutel y dominate over basic rocks: the proporti on of trachydo lerite and trachyandes it e porph yry is about 5%, Sili c ic dik es are abundant throughout the Blat area (Fig. 5) . Jud gin g by the crossc utting re lations, the ir e mplacement occ urred repeat edl y. Several dikes are made li p o f ultrapotassic quart z porph yry with K 2 0 ran ging from 6 to 10 wt % and Na:p from 2 to 0. 15 Wl %. These rocks, as we ll as vo lcanic rhyo lite of similar composition , are con ve nti onall y regarded as metasomati c (Agron and Bcntor, 198 1; BentoI', 1985; Wac hendorf e t aI. , 1985 rocks commo nl y form mafi c marg in s in com pos ite dikes whereas indi vid ua l mafic dikes are rare. The composite d ikes are referred to as dikes of the last phase of th e suit e 3 format ion. In co mposite dikes the co nt ac t between ma fic and fe lsic rocks is mostl y planar and abrupt, but in so me dikes it is grad at io nal , w ith a 20-30-cm-w ide zo ne of hyb rid roc ks produced by magma mi xing.
T he trachydo lerit e dike suite 4 is poorly ex hibited in the st udy area. Dolerite d ik es strik e in va riolls direclions (Fig. 2) ; they are scattered and heavily altered.
Correlation between the strike and age of dikes Three moin trends of dike swarms, N-S. N40-50· W, and N30-40oE, are dominant in the study area. Dikes of N-S direction are abundant in the eas tern half of the Nahal Sheiolllo va lley, whereas numerous NWstriking dikes occupy it s western part (Fig. 2) . Near the nort hern border of area 2 (Fig. I ) dikes strikin g NE are fo und a lo ng w ith d ikes of NW direc tion ( Fig. 2 . locali ty 127). Further to the no rth th e NE directio n of dikes prevails ( Fig. 5) .
A prev ious study that foc used o n a smaller area within the Elat exposures argued that eac h dike suite is c haracteri zed by a diffe rent direct ion (S te in et al.. 1997 (S te in et al.. : Kessel et aJ. , 1998 . Howeve r, o ur extens ive obse rvati o ns of the whol e Elat area s how that the re is no simple corre lation between the age and strike of the dikes. This is clearly demonst rated in the southweste rn part o f the Nahal Shelol11o area. Dikes formed durin g three sllccessive stages, from I to 3, strike N3SOW (Figs. 2 and 4B). Submerid iollal tre nds of both microdi o rite and lamprophyrc dikes fro m suite I and an adjacent quartz pOIvhyry dike from suite 3 are observed in the Nahal Shelomo pluton area, as we ll as in the upper reaches of the Na hal S he lo lllo va ll ey (Figs. 2. 3). Crosscuttin g relations betwee n yo un ge r and o lde r dikes are c lea rl y ex hibited w ithin a narrow zone wherein dike swa rm s of different d irections overlap (the Na hal Shelomo vall ey. Fi g. 2, locali ties 167, 174, nnd 209). A lso we observed thnt sO l11e dikes within thi s zone c hange th e ir direction ( Fig. 2 . localit y 194): of six adjacent andesite po rph yry dikes fro m s uit e 2. two dikes strike exactly to th e no rth , three d ikes strik e N40oW. and one dike between these two grou ps strikes to the north , then turn s to N40oW.
A ll th e above data suggest that in the study area the stress field th at controll ed th e dike swarm direc ti o n preva il ed from the earli est dike injec ti o n e pisode and did not chan ge marked ly during the who le period of dike format io n.
ANALYTICAL METHODS
Whole-rock chemical an a lyses we re made using a combination of wet che mi ca l methods, AAS. and titrati on (maj o r e le ments). and X-ray flu o resce nce (Rb. 5 1' . Ba, Y. Zr. and Nb) at the Geologica l In stitu te. Siberian Di vision of the Ru ssian Acade my o f Sciences, Ulan -Ude. Rare earth and some selec ted trace clcments ( Hf, Ta, Th. U. Ga, V. C u, Pb. Zn. Se, and Cs) were analyzed by the ICP-MS meth od at the In stitut e of Mineralogy and Geochemistry of Rare Elements, Moscow, and in the National Taiwan University, Taipei. Analyses are considered accurate to within 2-5% for major elements, and better than 10-15% for trace elements. The accuracy for all the REE (except Lu) is 1-5%; for Lu, it is 9-10%.
Microprobe mineral analyses were carried out using a modernized four-channel MAR-3 electron probe microanalyzer at the Geological Institute, Ulan-Ude. Analyses were obtained with a beam of 2-3 Jim diameter. Operating conditions were 20 kV, 40 J.lA beam current, and a counting time of lOs. The detection limits are 0.05-0.09 wt% for Na 2 0, MgO, AI 2 0 3 , and Si0 2 ; 0.01-0.05 wt% for K 2 0, CaO, Ti0 2 , MnO, and FeO.
PETROGRAPHY
Suite 1. Microdiorite is dark greenish with a finegrained matrix of pilotaxitic and prismatic granular texture. Phenocrysts commonly make up 8-10% of the rock volume; some dikes are almost aphyric, whereas in others the amount of phenocrysts reaches 50-55 vol%. Phenocrysts include euhedral crystals of zoned plagioclase (up to 62% An in the core) and amphibole ranging from Mg-hornblende to tschermakite (microprobe analytical data for rock-forming minerals can be presented upon request). The matrix is made up mainly of plagioclase microlites (An , 7 _ 23 ) and hornblende. Also present are irregularly scattered Fe-Ti oxides, minor flakes of biotite, interstitial grains of quartz (7-8 vol%) , and alkali feldspar. The latter also occurs in rims around the plagioclase crystals. Microdiorite is variably altered to chlorite, micas, epidote, hematite, sericite, and clay minerals.
Lamprophyre (spessartite) is a dark-green pinkish fine-to medium-grained rock of lamprophyric texture. The only phenocrysts are tabular brownish green grains of Mg-hastingsite and Mg-hornblende. The amount of phenocrysts varies widely in different dikes, from 8 to 40 vol%. The fine-grained matrix of hypidiomorphic and prismatic granular texture consists mainly of plagioclase laths and subhedral brown amphibole grains, with secondary flakes of chloritized biotite. Alkali feldspar (Or 96 Ab 4 ) forms rare interstitial grains and fine rims around plagioclase crystals; small quartz grains constitute -2-3 vol% of the rock. Deuteric alteration is significant, and not infrequently epidote, chlorite, sericite, and carbonate are as abundant as magmatic minerals.
Suite 2. Although in appearance all rocks of this suite look fresh, the original minerals have been altered to a great extent both in the matrix and in phenocrysts. Significant sericitization and loss of Ca occurred in plagioclase; mafic minerals are replaced almost completely by aggregate of chlorite, epidote, opaque mineral, and calcite. Because of this, mineral composition of the rocks can be reconstructed roughly, and given characteristics are valid only for the least altered varieties.
Dacite porphyry is a fine-grained porphyritic rock of pinkish brown to dark pinkish gray color. It consists of feldspars (75-80 vol%), quartz (10-15%), mafic minerals, and Fe-Ti oxides (10-15% in total) and accessory apatite. The proportion of phenocrysts ranges from 15 to 30 vol% and more than 90% of them are feldspars. In less silicic varieties (60-63 wt% Si0 2 ), the main phenocryst is euhedral plagioclase surrounded in places by narrow alkali feldspar rims. As silica content increases, crystals of alkali feldspar constitute as much as 10-15% of the phenocrysts. The rest of the phenocrysts are Fe-Ti oxides and heavily altered mafic minerai (augite is rarely preserved). Fine-grained and very fine-grained matrix of hypidiomorphic and spherulitic texture is made up mainly of the same minerals as the phenocrysts, but always contains quartz. In the less silica-rich varieties, some wedge-shaped interstices are partly filled by green cryptocrystalline material similar to that in the andesite porphyry.
Andesite porphyry is a dark-gray porphyritic rock, with fine-grained matrix. Phenocrysts constitute from 10 to 25 vol% and include mainly 1 to 4-mm-Iong prisms of andesine (An 41 ) and rare smaller subhedral crystals of augite. In the matrix, along with dominant plagioclase, augite. and a significant amount of interstitial hypocrystalline material of chlorite composition (-15%), minor quartz and alkali feldspar (together about 5%), Fe-Ti oxide, and accessory apatite are present.
Fsp-rhyolite porphyry is a pinkish gray rock. Phenocrysts form from 2 to 7% of the rock volume and include euhedral crystals of alkali feldspar and albite. Phenocrysts of mafic minerals (biotite?) are extremely rare. The matrix texture is spherulitic. hypidiomorphic, in places microgranophyric.
Suite 3. Quartz porphyry and Fsp-rhyolite porphyry are grayish pink and brick red porphyritic rocks with fine-grained and aphyric matrix. They are mostly homogeneous, though clear fluidal texture is infrequently exhibited in dike margins. Miarolitic cavities and amigdules filled with quartz, calcite, and hydrobiotite constitute less than 1-2 vol%. The amount of phenocrysts, including quartz, alkali feldspar, and Y. Kat Suite 4. Trachydo/erite from suite 4 is very similar in appearance to dolerite from suite 3. However, alteration is so significant that reliable reconstruction of primary minerals is impossible. Only in one dike labradoritic plagioclase and augite are retained in phenocrysts; minerals of similar composition are found also in the matrix. Mostly magmatic minerals are completely transformed to albite, chlorite, epidote, and hematite.
GEOCHEMISTRY
The geochemical data set contains III analyses from the four successive dike suites. Of these, 24 samples were analyzed for rare earth elements (REE). Data for 60 representative samples are given in Tables 2 and 3 . All samples are plotted in the classification and variation diagrams . A full set of chemical data can be obtained from the authors by request via e-mail. A large part of the dike rocks, mostly from suites 2 and 4, is heavily altered to the extent that some mobile elements could be partially lost. Consequently the Nb/Y vs. (Zrrri0 2 )* 10-4 (Winchester and Floyd, 1977) based on less mobile elements is used for rock classification (Fig. 6 ).
Suite 1. Microdiorite corresponds to andesite and lamprophyre to andesite and andesite/basalt in Fig. 6 . Since both contain alkali-feldspar they are referred to as trachyandesite and basaltic trachyandesite, respectively. In the K,O vs. SiO., diagram (Fig. 7) , compositions of both rock types straddle the medium-K and high-K fields of the calc-alkaline series. In many microdiorite samples the value of Na 2 0-2 is ~ K 2 0; this points to their sodic character, according to the lUGS classification (Le Maitre, 1989) . Microdiorite is high-AI (A1 2 0 3 > 16 wt%) and its #Mg value is commonly <50, whereas in lamprophyre the AI 2 0 J content ranges from 14.4 to 16.2 wt% and the #Mg value is >60 (Table 2) . Compared with microdiorite, lamprophyre is enriched in MgO and FeO T , and contains less Si0 2 , Sr, and Zr (Fig. 7) . REE patterns (Fig. 8a ) in rocks of this suite display mild LREE enrichment and relatively flat HREE pattern; LalYb N ratio is -II in microdiorite and -7 in lamprophyre. Negative Eu anomalies are actually absent (Table 3) .
Suite 2. Rock types of this suite form an almost continuous compositional sequence from andesite porphyry through dacite porphyry to Fsp-rhyolite porphyry (Fig. 6 ). The K 2 0 content is typical of calc-alkaline high-K rocks (Fig. 7) . In the mafic varieties, Na 2 0-2< K,O (Table 2) , which is characteristic of latite in the lUGS classification. In the Fsp-rhyolite porphyry K 2 0 dominates over Na 2 0 (Table 2) . The variation diagrams relative to Si0 2 (Fig. 7 ) demonstrate negative correlation trends for CaO, Sr, Al.,O" MgO, FeO*. as well as for TiO., (not shown) whereas trends for Zr, and less clearly for K 2 0 and Rb are positive. Also positive and similar to Zr are trends for Nb and Y (not shown). REE patterns for mafic and silicic rocks are sub-parallel and show a clear tendency to increase of ~REE with Si0 2 increase (Tables 2 and  3 ; Fig. 8b ). The LalYb N ratio is about 3-10; the Eu/Eu* value ranges from 0.82 in mafic to 0.37 in silicic rocks; it is positively correlated with Sr and Ca (Fig. 8b) . The demonstrated correlations of major and trace elements (Figs. 7, 8) suggest that the evolution of the dike rock compositions was controlled mainly by fractionation of plagioclase, which is the dominant phenocryst both in andesite porphyry and dacite porphyry, and of small amounts of pyroxene and Fe-Ti oxides.
Chemical compositions of dike-like rocks collected from boulder-size clastic fragments in the Elat conglomerate that overlies the dike suite 2 are given in Tables 2-3 and Fig. 7 . Both mafic and felsic rocks from pebbles are chemically similar to corresponding rock types making up dikes of suite 2. This is true for most major and trace elements (Fig. 7) .
Suite 3. The dominant silicic dikes include quartz porphyry and subordinate Fsp-rhyolite porphyry. Abbreviations (numbers denote the dike suite): MD = microdiorite; Lmp = lamprophyre; And = andesite porphyry; Dac = dacite porphyry; RhP = rhyolite porphyry; Qtzp = quartz porphyry; D-mTi and D-hTi = trachydolerite moderate and high-Ti, respectively; FCong = clastic fragment in Elat conglomerate. #Mg = 100 MgO/(MgO+FeO*), mol% and (Na 2 0-2)-K 2 0, wt% were calculated in mafic rocks. REE and selected trace element contents for samples marked with asterisk are given in Table 3 . Abbreviations (numbers denote the dike suite): MD = microdiorite; Lmp = lamprophyre; And = andesite porphyry; Dac = dacite porphyry; RhP = rhyolite porphyry; QtzP = quartz porphyry; D-mTi and D-hTi = trachydolerite moderate and high-Ti. respectively; FCong = clastic fragment in Elat conglomerate. #Mg = 100 MgO/(MgO+FeO*), mol% and (Na 2 0-2)-K 2 0, wt% were calculated in mafic rocks.
REE and selected trace element contents for samples marked with asterisk are given in Table 3 . 
£.
::: REE and selected trace element contents for samples marked with asterisk are given in Table 3 . • o. Silicic rocks are alkaline (the agpaitic index NKIA is >0.9) and are referred to as typical A-type granite (Fig. 9) . In silica variation diagrams both quartz porphyry and Fsp-rhyolite porphyry do not show clear trends, so that their mutual arrangement in the plots cannot be regarded as evidence of magma differentiation (Fig. 10) . Quartz porphyries form slightly elongated clusters in variation diagrams and a distinct field in the REE abundance patterns (Fig. 10) . They are characterized by higher contents of K 2 0, Rb, Zr. Y. and REE, and lower contents of NazO and Ba relative to Fsp-rhyolite porphyry. An unusual chemical feature of Fsp-rhyolite porphyry is enhanced Ba, even though K 2 0 and Rb are lower and Na,O is higher than in quartz porphyry (Fig. 10) . Quartz porphyry is richer in REE, and negative Eu anomaly for this rock type is much more pro- (Fig. II, Table 3 ). This shows that the quartz porphyry magma was highly differentiated. Lower concentration of REE in the Fsp-rhyolite may reflect lower abundance of accessory minerals, which is manifested in lower Zr and Y (Fig. 10) . Although the Fsp-rhyolite from suite 3 is very similar to Fsp-rhyolite from suite 2 in mineral composition and texture, this rock type can be readily distinguished by K 2 0, Na 2 0, and Rb contents, as shown in Fig. 10. Mafic members of the suite are trachydolerite and rare trachyandesite porphyry. Andesitic rocks frequently exhibit evidence of hybrid origin (magma mixing); their chemistry will be discussed elsewhere. On a K,O-SiO, plot the trachydolerite compositions are confined to -the fields of high-K calc-alkaline and shoshonitic series. Two subgroups of trachydolerites are distinguished by Ti0 2 content, high-Ti and moderate-Ti with 2.8-2.9 and 1.7-1.8 wt% Ti0 2 , respectively (Table 2) . Rocks of both subgroups are mostly low-AI (Al,O, = 14.7-15.6 wt%), with comparatively low MgO, from 4.3 to 5 wt%. They are similar in Si0 2 content (49.3-52.8 wt%), as well as in Ba and Na 2 0, 78 80 Table 2 ). The REE patterns of both subgroups are gently dipping and almost parallel (Fig. lIB) . High-Ti dolerite is richer in l:REE. Suite 4. In the central Elat area rocks of this suite are mostly heavily altered, so we used both our own data and published chemical analyses of trachydolerites from the adjacent Amram block (Kessel, 1995; Kessel et aI., 1998; Mushkin et aI., 2003) . The chemical characterization of the trachydolerites from suite 4 should thus be regarded as preliminary. They differ from trachydolerites of suite 3 by higher Ti (3.3-4.5 wt%), FeO*, Zr, and Nb contents; REE patterns overlap almost entirely (Fig. 11) . Commonly Eu anomalies are inconspicuous, however. a positive Eu anomaly suggesting the presence of cumulate plagioclase crystals is revealed in one dolerite sample (Fig. 11, Table 3 ).
DISCUSSION
The sequence of dike suites established in the central Elat area is more or less comparable with the dike sequence proposed by Stein, Navon, and Kessel (Kessel, 1995; Stein et aI., 1997; Kessel et aI., 1998) . However, the distinction is significant. We found that the calcalkaline dike suite recognized by Stein and coworkers includes two successive calc-alkaline suites. The first one consists of amphibole-bearing microdiorite and lamprophyre, and the second suite incorporates mainly dacite porphyry with subordinate rhyolite porphyry and Cpx-bearing trachyandesite porphyry. We also found that the basic rocks of suites TH 1 and TH2 (Stein et al., 1997) are typical trachydolerites rather than tholeiites. Considering this correction, a significant part of the TH 1 suite can be correlated with our dike suite 3. Suite 4 is distinct from suite 3 by its younger relative age and by being composed solely of mafic dikes. Suite 4 in Elat thus resembles other high-Ti0 2 dolerite dike swarms that constitute the youngest dike generation throughout the northernmost Arabian-Nubian Shield (Friz-Topfer, 1991; Iacumin et al., 1998; Kessel et al., 1998; Beyth and Heimann, 1999; Essawy and EI-Metwally, 1999; Jarrar, 2001) . The heavy alteration of suite 4 in Elat hampers reliable correlation by petrographic features and mobile element contents. The HFS element contents (Ti, Zr, and, particularly, Nb) of suite 4 trachydolerites are comparable to those of a spectacular NW-trending mafic dike swarm exposed in SW Sinai (Essawy and EI-Metwally, 1999) . However, suite 4 is less enriched in HFSE relative to the Amram dolerites that constitute the AB suite (alkaline basalt, formerly termed TH2) of Kessel et al. (1998; Table 2) and to the youngest dolerites in southern Jordan (Jarrar, 2001 ). Future age determinations may allow better distinction between different episodes of dolerite dike emplacement that forms the youngest magmatism in the crystalline basement of the ANS.
Judging by the available geochronological data, the time span between the first and last dike episodes was prolonged. The U-Pb age of 605 ± 5 Ma for the Yehoshafat granite that followed the first dike suite (Beeri, pers. comm.) and the 39 Ar/ 4 0 Ar age of 531 ± 4.6 Ma for the latest high-Ti dolerite dike in the Timna block (Beyth and Heiman, 1999) indicate that the formation of dike suites lasted for at least 70 My. This estimate is supported by Rb-Sr dating of Late Pan-African dikes in Sinai: the oldest age is about 590 Ma (Stern and Manton, 1987) . The main dike episodes were divided in time by plutonic, volcanic, and sedimentation events (Table 1) . In light of these data it is clear that dikes from different suites, despite their close association in space, were produced from different magma sources rather than from a single magma chamber.
In order to investigate the nature of magma sources and magma genesis, we focused on the mafic rocks from each dike suite, assuming that mafic magmas were derived from mantle sources.
Sources of magmas
Microdiorite and lamprophyre from suite 1 are medium-to high-K calc-alkaline rocks (Fig. 7) . Phenocrysts of hornblende occur in both rock types along with plagioclase in the microdiorite. According to experimental data, early crystallization of amphibole in the absence of plagioclase points to high water content in the melt, about 4-6 wt% H 2 0 at a pressure of 2 kbar (Anderson, 1980 and references therein; Baker and Eggler, 1983; Sisson and Grove, 1993) . Liquidus crystallization of both hornblende and plagioclase occurs at lower water contents (s 3 wt% H 2 0, Sisson and Grove, 1993) . These experimental constraints point to significant water enrichment of the lamprophyre and, to a lesser extent, diorite magmas.
The chemical composition of microdiorite (average composition, see Table 4 ) is shown on a MORB-normalized multi-element diagram (Fig. 12A) . Enrichment in LILE (K, Rb, Ba, Th) relative to HFSE (Ta, Nb, P, Zr, Ti. Y, REE), clear negative Nb anomaly and weak Ti trough are typical of calc-alkaline subduction-related rocks from orogenic belts. Its strong incompatible element enrichment and steep REE patterns (La/Yb N = I I; Table 4 ) are comparable to high-K and medium-K ca1c-alkaline volcanic rocks that are abundant at active continental margins (Gill, 1981; G6mez-Tuena and Carrasco-Nunez, 2000) . The multi-element and REE patterns (Fig. 12A, B ) of microdiorite fit in well with the composition of basaltc;; from the classic Oligocene western Oaxaca province (Mexico) formed in a subductionrelated environment (Martiny et al., 2000) .
The position of lamprophyre in the MORB-normalized diagram is similar to that of microdiorite, but in comparison with typical calc-alkaline rocks they contain less LREE and MREE (Fig. ] 2B) . The higher contents of MgO and FeO*, and lower Si0 2 , Sr, and Zr in the lamprophyre compared to microdiorite (Fig. 7) suggest that the lamprophyre melt can be considered as parental for microdiorite. However, this assumption is inconsistent with the similar contents of CaO, Ti0 2 , K 2 0, Rb, and HREE in the microdiorite and the lamprophyre (Table 4 and Figs. 7, 8) . In addition, such a model requires that the residual melt should be water-enriched compared to the parental magma, but the real situation is inverse. It is likely that although these rocks are related they are derived from slightly different sources.
Andesite porphyry dikes of suite 2 represent the onset of a new dike episode following the Yehoshafat alkaline granite emplacement. It is characterized by lower Si0 2 , CaO, Ba, Sr, and LREE and higher MgO, TiO., and FeO T relative to the suite] microdiorite (Figs. 11, i2B ; Table  4 ). However, the pattern of andesite porphyry in the MORB-normalized diagram shows significant similarities to suite I microdiorite (Fig. 12A) mineml in the andesite porphyry is augite. which suggests that the magma was impoveri shed in H 1 0. It follows thai andesitic magmas from the first and second suites could have been deri ved from the same source: first melting of a wei mantle source that is rich in incompat ible elements followed by melt extraction fro m the already dri er, less enriched source. Thus, the mafi c magmas o f th e first and second dike suites were similar to those formed in a subduction·re-lated setting. The negati ve spike in Nb and the trough in Ti cou ld be caused e ithe r by rete nlion of Nb· and T i·bcaring pha ses in the solid residue (Rye rson and Walson, 1987; McC ull och and Gamble, 199 1; Maury e. aI. , 1992; lac umin et aI. , 1998) , or by th e effec. of slab·de ri ved fluid that defined zonin g in mant le wedge (Ste in et aI. , 1997). According to the mode l devised by Stein and coworkers, Nb is e nri c hed on ly in the lower zones of the col umn . The source region for calcalk aline magmas was iocatcd in the zone abo ve the Nb concentrati on front in the ce ntra l part of the fossili zed wedge. The timing of di ke injecti on of sui tes I and 2 far post-dated acti ve subduc ti on in the ANS. This sug· gests th at the source region in the lithos phe ri c mantle was onl y sli ghtl y modified afte r the fa nner subdu ction even. Ih at had been completed more than 50 My before the tirst dike episode. A similar concl usion was drawn by other authors studying the Late Pan-African dikes in the Sin ai Pe nin sula and Eastern Dese rt (Fri z·T6pi'e r, 199 1; I"c umin et aI. , 1998 ; Abu· EI· Ela and Salem. 1999 ; Essawy and EI·Metwall y, 1999: Moghazi. 2003) .
The hi gh·Ti Lrachydo lerite paue rn s (suit es 3 and 4) a re show ll ill MORB -a nd c ho ndriLc-ll o rmali zed diagra ms (Fig. 12C,D) . alo ng with pattern s of Parana Flood Basa lis and O IB used for compariso n. Chemi cal characteris tics of trachydole rites from both dike suites arc rathe r similar and resembl e those of alB. However, a lmost total similarity is ex hibited wilh Parana Flood Basalts. one of the most representati ve conlinenla l fl ood basali provinces (Thompson e l aI., 1983) .
Although processes defining the typical chemistry of flood basalts are still a subject of debate (e.g., Lightfood and Hawkesworth, 1988) , all authors agree that their high-Ti and high-P abundances reflect derivation of basic magma from enriched mantle sources. Crustal contamination could not play an important role since the contents of Ti and P in crustal rocks are low (Rudnick and Fountain, 1995) . It follows that K and Rb, as wel1 as REE and other HFSE enrichments in dolerites (Tables 2 and 3) , stemmed from an asthenospheric component, as suggested for giant Late Pan-African dike swarms from the Adrar des Iforas, Mali (Liegeois and Black, 1987) . The asthenospheric effect could be combined with melting of the metasomatized mantle wedge (Stein et at, 1997) .
The occurrence of Late Pan-African dike swarms is not limited to southern Israel. Similar dikes are abundant throughout the Sinai Peninsula and eastern desert of Egypt. Although the chronological sequence of dike episodes is not always sufficiently clear, the similarity in chemistry and petrography with dikes from the central Elat area allows one to compare their patterns in multi-element diagrams. In Fig. 12 compositions of amphibole-bearing andesite and basaltic andesite, pyroxene-bearing basalt, and basaltic trachyandesite (lacumin et al., 1998) , and high-Ti dolerite (Friz-Tapfer, 1991) from southern Sinai are shown. The average compositions of these rocks are given in Table 4 (for calculation of the average composition of the high-Ti dolerite we chose samples with Eu/Eu* sl and SiO., ranging from 45 to 51 wt%). Almost entire overlap of dike rock compositions from southern Israel and southern Sinai is observed. This suggests that data on sequence, composition, petrography, and chemistry of dike swarms obtained in southern Israel are appropriate for Late Pan-African dikes of the Sinai Peninsula and adjacent areas. CONCLUSIONS 1. In the central Elat area four successive Late PanAfrican dike episodes are recognized. The dike episodes alternated with plutonic, volcanic, and sedimentary events, and formation of dikes lasted over a long period of about 70 My, from -600 Ma to 530 Ma. 2. There is no correlation between the strike of the dikes and their age. This suggests that the stress field that controlled the dike swarm trends existed (or appeared) stil1 at the earliest dike stage and did not markedly change during the whole period of dike formation.
3. Dike rock compositions systematically changed over time from calc-alkaline medium-K to high-K and shoshonitic series. 4. Although Late Pan-African dikes are postorogenic, generation of magmas during the formation of the first two suites occurred from mantle sources, which are characteristic of a subduction-related environment at an active continental margin.
